The binding of enteric bacteria to mammalian cells can be measured directly as attachment or indirectly as induced agglutination. The pattern of agglutination induced by whole bacteria when mixed with erythrocytes from various species or yeast cells has been used to classify bacterial binding reactions with other cell types such as epithelial cells (1) (2) (3) (4) . Two main agglutination patterns are found on enteric bacteria: agglutination inhibited by D-mannose (mannose-sensitive) and agglutination unaffected by D-mannose (mannose-resistant). Other binding reactions of the strains with mannose-sensitive agglutination, e.g., attachment to epithelial cells, may be inhibited by D-mannose (2, 18) . The bacterial surface structures responsible for the mannosesensitive binding (adhesins) can be type 1 pili (1-4, 11, 13, 16, 19) . They occur on most enteric bacteria (1) (2) (3) (4) and may be important for the association of enteric bacteria with the slime that covers mucous surfaces (17) . The attachment to epithelial cells of strains carrying mannose-resistant adhesions is not inhibited by Dmannose (4, 6, 9, 10, 12, 23) . Strains with this property are associated with human diarrheal disease (6) and urinary tract infection (9, 10, 17, 23 ; C. Svanborg Ed6n, L. Hagberg, L. A. Hanson, T. Korhonen, H. Leffler, and S. Olling, Ciba Found. Symp., in press).
Studies of the chemical basis of enterobacterial adhesion indicate a common principle of these reactions, i.e., a proteinaceous bacterial adhesin (12, 19) that reacts with a sugar sequence anchored in the target cell, such as a 796 on January 5, 2018 by guest http://iai.asm.org/ Downloaded from glycolipid or glycoprotein (8, 15, 16) . The combination of adhesins possessed by a bacterial strain and the distribution of receptors for these adhesins on target cells may determine the species, the individual, and the tissue to which the bacteria attach (2, 15, 17) . One example is the binding to globoseries glycolipids of human uropathogenic Escherichia coli with mannose-resistant adhesins (15) . The present study shows that bacteria with a given set of adhesins bind differently to epithelial cells from the oral cavity of humans and urinary tracts of humans and rats and that this binding is related to the hemagglutination pattern. The adhesins on the four strains are suggested to be pili.
MATERIALS AND METHODS
Bacteria. Three E. coli strains, isolated from the urine of patients with acute pyelonephritis, were selected to represent either or both of the main hemagglutination patterns: 3048 (serotype 04K3), 6013 (serotype 06K13), and 3669 (serotype 02K.t). Salmonella typhimurium SH6749 was a nonflagellated galE mutant of the LT2 line, kindly provided by P. Helena Makela (Central Public Health Laboratory, Helsinki, Finland). Pill were found on all four strains by electron microscopy; the E. coli strains were also flagellated. The bacteria were grown in static Luria broth and harvested as described previously (11) . Adhesion and agglutination were tested from the same culture.
Anti-pilus antisera. Antisera against purified pili were produced in rabbits as described previously (14) . The pili and the anti-pilus antisera of E. coli 3048 and 6013 (14) and the pill of S. typhimurium SH6749 (13) were as described previously, the E. coli 3669 pii will be described in a separate report (Korhonen et al., manuscript in preparation). The level of anti-pilus antibodies was evaluated by an enzyme-linked immunosorbent assay (5), with purified pili as solid-phase antigens (14) . Anti-rabbit immunoglobulin G (IgG), conjugated to alkaline phosphatase, was obtained from Orion (Helsinki, Finland). Antibody levels were defined as the dilution of antibody which gave an extinction value of 0.2 above the base line at 400 nm after 100 min of incubation.
Agglutination tests. Agglutination by the four bacterial strains of human (blood groups A and 0), horse, bovine, sheep, and guinea pig erythrocytes and Saccharomyces cerevisiae cells (Alko, Rajamaki, Finland) was performed by slide tests at room temperature (11 Inhibition of adhesion. The effect on adhesion of antisera against pili from each of the four strains was evaluated. The bacterial inoculum was titrated to give a control adhesion value falling on the linear part of the binding curve (21) . Bacteria were then preincubated with anti-pilus antisera (10 to 500,l) at 37°C for 20 min. Before addition of epithelial cells, the extent of agglutination and the number of free bacteria were estimated. After addition of 105 epithelial cells, adhesion testing was performed as described above. Adhesion inhibition by antiserum was considered to be independent of agglutination when the decrease in adhesion was greater than that predicted from the decrease in the number of free bacteria due to agglutination. The effect on adhesion of receptor analogs was studied. D-Mannose (Merck AG, Darmstadt, West Germany) was tested at a final concentration of 25 mg/ml in the adhesion suspension and the washing buffer. Glycolipids were prepared at the Department of Medical Biochemistry, Goteborg, Sweden, as described earlier (15) . The total non-acid glycosphingolipid fraction extracted from epithelial cells of the same person supplying cells for adhesion testing and globotetraosylceramide extracted from human erythrocytes were employed. For inhibition experiments, different glycolipids were taken from solutions in chloroform-methanol, and the solvent was removed by evaporation. After sonication in 0.85% NaCl in a water bath for 30 to 60 s, a glycolipid suspension was obtained (15) . Bacteria were incubated with the glycolipid suspension for 30 min before adding the epithelial cells.
Electron microscopy. Samples were fixed in a 1% OS04 in Veronal acetate (Ryter-Kellenberg). The suspension was centrifuged at 1,800 x g for 5 min. After being rinsed in the same buffer, the pellets were suspended in 5% uranyl acetate in a Veronal acetate buffer as a second fixation to stabilize the membranes.
After dehydration and embedment in Epon 812, the samples were cut on an LKB Ultratome (LKB Instruments, Bromma, Sweden) and contrasted with uranyl acetate and lead citrate. The sections were examined in a Philips Em201 electron microscope. The electron microscopy work was kindly performed by M. Hasselgren (Astra, Sodertilje, Sweden).
Significance testing. Mean adhesion values were used to describe results. For significance testing, nonparametric chi-square test for the median was employed as described earlier (21) . Cross-reactivity of the pili. All four antipilus antisera agglutinated the strain from which the pili for immunization were purified. However, bacterial agglutination was also observed with preimmune sera that did not contain antipilus antibodies (14) . Bacterial agglutination by anti-pilus antisera was therefore considered to be unsuitable for the study of immunological cross-reactivity between different pili. Instead, the enzyme-linked immunosorbent assay with purified pili as solid-phase antigens was used (Table 4) . Strong cross-reactions were found between the pili from E. coli 3048 and 6013, both of which induced mannose-sensitive agglutination. The S. typhimurium type 1 pili cross-reacted only weakly with those of E. coli 6013 and 3048. The pili from E. coli 3669 did not crossreact with the pili on E. coli 3048 which induced mannose-resistant hemagglutination or with any of the other pili in this study.
Inhibition of adhesion by anti-pilus antisera. Antisera that contained antibodies to purified pili inhibited adhesion of the mother strain. Figure 3 shows the relationship between the amount of anti-E. coli 3048-pilus antiserum added and the decrease in adhesion. Preimmune serum did not inhibit adhesion, although the bacteria were agglutinated by it.
A comparison of the effect on adhesion of cross-reacting anti-pilus antisera was done with buccal cells, since this was the only type of cell to which all four strains adhered (Table 5) . Since the bacteria were agglutinated by preimmune and hyperimmune sera, the inhibition by antipilus antisera might result from a decrease in the number of free bacteria available for adhesion. To distinguish this from the inhibition caused by blocking of the binding sites by antipilus antisera, the inoculum size was titrated to fall on the linear part of the binding curve, where adhesion is linearly dependent on the number of bacteria (21) . Inhibition by an antiserum was considered to be independent of agglutination if the adhesion value in the presence of the anti- serum was significantly lower than that predicted from the decrease in the number of free bacteria due to agglutination. In each case, the adhesion to buccal cells was significantly inhibited by the homologous anti-pilus antisera ( Table 5 ). The anti-E. coli 3048-pilus antiserum inhibited significantly the adhesion of E. coli 6013; the pili from these two strains also crossreacted (Table 4) . The inhibition by anti-E. coli 6013-pilus antiserum of the adhesion of E. coli 3048 could not be distinguished from the agglutination effect. The decrease in the adhesion of S. typhimurium SH6749 by the antisera against the pili of E. coli strains was compatible with the degree of agglutination. The adhesion of E. coli 3669 was not significantly affected by antisera against pili of the other strains, and neither the anti-E. coli 3669-nor the anti-S. typhimurium SH6749-pilus antiserum significantly inhibited the adhesion of the other strains. DISCUSSION By attaching to mucous surfaces, bacteria can resist the cleansing action of solutes to colonize the epithelium and infect underlying tissues (8, 21) . Association between bacteria and mucous surfaces does not occur at random but is specific for each ecological niche (8) . The results of the present study clearly confirm that the attachment of enterobacterial strains with a given set up of adhesins varies with different target cells, i.e., depends on the availability of receptors. For a given target cell, on the other hand, bacterial binding occurs only if the appropriate adhesin is present. Thus, only two of the four strains used in this study adhered to human urinary tract epithelial cells and agglutinated human erythrocytes. This accords with the earlier reports on the correlation of human uroepithelial adherence by E. coli with agglutination of human erythrocytes (9, 10, 17) . Three strains used in the present study adhered to rat urinary tract epithelial cells and agglutinated S. cerevisiae cells and guinea pig erythrocytes. All four strains adhered to human buccal cells. Specific recognition by the bacteria of the target cell, rather than differences in the physicochemical properties of the epithelial cells and erythrocytes, is a likely explanation of these findings.
The four strains were selected to represent the two main agglutination patterns of enteric bacteria so far detected (1-4) . Mannose-sensitive agglutination of guinea pig erythrocytes and yeast cells were induced by E. coli 6013 and 3048 and S. typhimurium SH6749 (Table 1) . These reactions were due to the type 1 pili on the strains (1-4) since the pili purified from these strains have the same agglutination patterns as whole bacteria (11, 13 al., manuscript in preparation). However, nonpilial agglutinins causing mannose-resistant hemagglutination have also been described (4) .
The results of this and earlier studies (1-4, 9-13, 16, 17, 19, 23) strongly suggest that the pili are responsible also for the attachment to epithelial cells of the strains tested in this study. First, the ability of E. coli to adhere to human urinary tract epithelial cells is correlated with the presence of pili on the bacteria (23). Secondly, "25I-labeled purified pili from E. coli 3048 have been shown to bind to human urinary tract epithelial cells (12) . Thirdly, bacterial attachment was inhibited by antiserum against purified 3048 pili (Fig. 3) . However, the decrease in adhesion occurred together with agglutination. The degree of the inhibition due to agglutination could be dissociated from the inhibition due to binding of antibodies to the pili. A significant inhibition of attachment by antisera was obtained with the homologous anti-pilus antisera and so with anti-E. coli 3048-pilus antiserum on the adhesion of E. coli 6013 ( Table 5 ). The anti-E. coli 6013-pilus antiserum did not significantly inhibit the adhesion of E. coli 3048; this was to be expected since that strain carries also mannose-resistant pili functioning in the adhesion to human buccal cells (Tables 1 and 2 ). Finally, by electron microscopy, pilus-like structures could be seen between human urinary tract epithelial cells and the adhering E. coli 3669 (Fig. 2) . Inhibition of adhesion by anti-pilus antibodies does not alone allow conclusions about the role of pili in adhesion. Any antibody binding to the bacterial surface may alter the adhesive properties by changing the surface charge or causing steric hindrance (7, 24) . Recent data indicate, however, that F(ab)' fragments from anti-E. coli 3048-pilus and anti-E. coli 3669-pilus antisera inhibit adhesion of the homologous strain (C. Svanborg Eden, G. Schoolnic, and T. Korhonen, manuscript in preparation). For the antibodymediated prevention of bacterial adhesion to mucous surfaces in vivo, mechanisms of low specificity, such as agglutination or coating of bacteria by antibody also may be important.
The cross-reactions detected with anti-pilus antisera provide a tool for the study of the serological relationships between the various types of pili. We do not consider bacterial agglutination by antisera to be suitable for such studies since the strains used in the present study were agglutinated by the preimmune sera also.
The strains were of different serotypes, and the preimmune sera did not contain anti-pilus antibodies (14) . These agglutinations could be due to the hydrophobic nature of the pilus filaments (1, 13, 14) . Recently, crossed immunoelectrophoresis and immunoelectron microscopy have been used to study the relationship between mannoseresistant and type 1 pili of E. coli (17) . Pili are long filaments that have a strong tendency to aggregate in a detergent-free medium (1, 14) , which may hinder their migration into agar. The enzyme-linked immunosorbent assay is a suitable method for the detection of cross-reactions between various enterobacterial pili. Strong cross-reaction was found between the type 1 pili of E. coli 3048 and 6013, but weak cross-reaction was found between type 1 pili of S. typhimurium SH6749 and those of E. coli ( The two types of pili on the strains tested in the present study bind to different receptors on the target cells. Globoseries glycolipids have recently been shown to act as receptors for the mannose-resistant adhesins of pyelonephritic E. coli attaching to human uroepithelial cells (Eif).
The presence of these glycolipids in human winary tracts, but not in those of rats (20) , explains the binding specificity of E. coli 3669. The mannose-resistant adhesins of E. coli 3669 and 3048 both recognized globotetraosylceramide since this compound blocked their adhesion to human uroepithelial cells (Table 3) , and both strains caused mannose-resistant agglutination of guinea pig erythrocytes coated with globotetraosylceramide (Leffler and Svanborg Eden, manuscript in preparation). The E. coli 3669 pili have tentatively been shown to satisfy the receptor. A mannose-containing receptor on erythrocytes and rat urinary tract and human buccal cells probably bound S. typhimurium SH6749 since both its hemagglutination and adhesion were inhibited by D-mannose. So far, no mannose-containing receptor on epithelial cells has been identified. E. coli 3048 and 6013 caused mannose-sensitive agglutinations, but their adhesion was not significantly inhibited by Dmannose (Tables 1 and 2 ). For E. coli 3048, this is explained by the simultaneous presence of mannose-resistant pili on the bacteria. For E. coli 6013, the binding to erythrocytes and epithelial cells may involve different parts of the pili (25) , or the strain may bind to epithelial cells with an adhesin not detected by hemagglutination.
The two recognition processes involving the mannose-resistant pili and the globoseries glycolipid receptor or the type 1 pili and the mannose-containing receptor may be important in different clinical situations (Svanborg Ed6n et al., in press). The function suggested for the type 1 pilus is to associate bacteria with slime in the urinary tract (17) . The slime is rich in mannose residues. The attachment to human urinary tract epithelial cells involves glycolipid receptors (15) and mannose-resistant adhesins on the bacteria (12, 17) . This is consistent with our finding that the E. coli strains that cause symptomatic urinary tract infections carry mannose-resistant hemagglutinins recognizing globoside and a capacity to adhere to human uroepithelial cells more often than do fecal E. coli strains (9, 22; Svanborg Eden et al., in press; Leffler and Svanborg Ed6n, manuscript in preparation). Substances blocking either the adhesins or the receptors may constitute a new group of agents for future use in prophylaxis against mucosal infections.
